Based on the method of in situ polymerization synthesis combined with two-step sintering process, LiFe 1−x V x (PO 4 ) (3−y) / 3 F y /C was prepared. The effects of V and F co-doping on the structure, morphology, and electrochemical performances of LiFePO 4 /C were investigated by X-ray diffraction, Fourier transform infrared spectra, scanning electron microscope, charge/discharge tests, and electrochemical impedance spectroscopy, respectively. The results indicated that the V and F co-doping did not destroy the olivine structure of LiFePO 4 /C, but it can stabilize the crystal structure, decrease charge transfer resistance, enhance Li ion diffusion velocity, further improve its cycling and high-rate capabilities of LiFePO 4 /C.
I. INTRODUCTION
Nowadays, Li-ion battery has attracted much attentions for its great potential to be used as power sources for electric vehicles and hybrid electric vehicles [1, 2] . Among various lithium-ion batteries, the ordered olivine lithium iron phosphate LiFePO 4 has been recognized as one of the most promising cathode materials for its nontoxicity, low cost, environmental friendliness, long cycling life and high theoretical capacity [3−5] . A lot of researches [6−8] about the synthesis process, structure, electrochemical performance, and applications has been completed, then great progress in physical, chemical properties and synthesis technology had been achieved [9, 10] . However, the poor rate capacity of LiFePO 4 resulting from both the poor electronic conductivity (1×10 −10 S/m) [11, 12] and low Li + diffusion coefficient (1×10 −14 cm 2 /s) [13] limits its practical application. So far, various effective methods have been introduced to solve these above problems by using coating particles [14−18] , reducing particles sizes [19, 20] , and doping with guest element [21−23] , etc.
Besides carbon coating [24−28] which can effectively improve the electronic conductivity of LiFePO 4 , cation doping is another effective method to increase the ion electronic conductivity of LiFePO 4 , such as the doping at Fe-site for LiFe 1−x M x PO 4 (M=V, Ni, Co, Ti, Al, etc.) [29−32] . Similarly, the anion doping can also enhance the electrochemical performances of LiFePO 4 , such as the rate capability and cycling life [33−41] . Although the study of anion doping was not as full as cation doping, it should not be neglected.
In order to enhance the electrochemical performance of LiFePO 4 , in this work, the LiFePO 4 /C sample with V cation and F anion co-doping at different sites was synthesized via the method of in situ polymerization synthesis combined with two-step sintering process. The effects of co-doping with different amount on the structure, morphology, and electrochemical property of LiFePO 4 /C have been studied in detail.
II. EXPERIMENTS
FePO 4 /PANI (polyaniline) precursor was prepared by in situ polymerization technology. 100 mL of Fe(NO 3 ) 3 solution (0.25 mol/L) was added into 200 mL of (NH 4 ) 2 HPO 4 (0.125 mol/L) solution with 1 mL aniline, then the pH of the solution was adjusted to 2.1 and stirred for 12 h. The FePO 4 /PANI precipitate was achieved by filtering and drying under 60
• C vacuum environment for 24 h.
Pristine LiFePO 4 /C and LiFe 1−x V x (PO 4 ) (3−y)/3 F y (x=0.04, y=0.02) powders were synthesized as follows: the stoichiometric amounts of CH 3 COOLi·2H 2 O, LiF, NH 4 VO 3 , 10wt% ascorbic acid and the prepared FePO 4 /PANI were mixed and milled. After annealing at 350
• C for 5 h under argon atmosphere, 10wt% glucose was added and milled again, and then the mixture was annealed at 650
• C for 10 h under argon atmosphere. The phase identification of powders was conducted with X-ray diffraction measurement (XRD, Panalytical X'Pert PRO MRD, Holland) with a Cu Kα radiation operated at 40 kV and 40 mA. The diffraction data for Rietveld refinement were obtained at 2θ=10
• −70 • , with a step size of 0.013
• . The morphology was evaluated by field emission scanning electron microscopy (FE-SEM S-4800, Hitachi High-Technologies). The FTIR spectra of LiFePO 4 /C were recorded with a FTIR spectrometer (Nicolet iS10, Thermo Fisher Scientific).
The electrochemical experiments were performed using button cells.
The cathode consisted of a mixed material of active materials, carbon black and poly(vinyl difluoride) (PVDF) with mass ratio of 8:1:1 in N -methyl-2-pyrrolidone solvent. Metallic lithium foil was used as the anode electrode. Celgard 2300 polyethylene film was used as separator. 1 mol/L LiPF 6 solution in ethylene carbonate and dimethyl carbonate (volume ratio of 1:1) was used as electrolyte. The electrochemical performance measurements were carried out with CR2025 coin cells in an argon-filled glove box. Charge/discharge tests were performed using the LAND batteries test system (CT2001A, Wuhan Land Electronic Co., Ltd., China) with different current densities. Cyclic voltammetry (CV) were performed on an electrochemical working station (CHI660D, Shanghai Chenhua Co., Ltd., China) between 2.5 and 4.2 V. Figure 1 shows XRD patterns of the pristine and V and F co-doped LiFePO 4 /C. All dominant diffraction lines of samples can be indexed as an olivine phase space group Pnma (JCPDS card No.83-2092), which were consistent with the previous reports [42, 43] . Typical diffraction peaks of carbon, vanadium and fluorine can not be found, indicating that the contribution of the carbon was less or the carbon existed in amorphous form, and the elements V and F probably entered into the lattice of LiFePO 4 rather than form impurities. Both samples had narrow diffraction peaks, which indicated good crystallinity degree. Figure 1(b) shows the magnification of the field of 35
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• , there was a very slight shift to lower angle for the doped sample, it was in line with convention that the diffraction peak with larger unit cell volume would shift towards lower diffraction angles in XRD pattern.
What's more, the crystal lattice parameters were calculated by MDI Jade 5.0, and the results are listed in Table I . As shown, that V and F doping led to slight increase of lattice parameters. The doped sample expanded the b and c by 0.14% and 0.06% respectively, and shrinked a by 0.017%, which indicated that the V and F entered into the crystal structure and caused lattice distortion in the LiFePO 4 /C unit cell. The volume of the unit cell of the doped sample was slightly larger than that of the pristine LiFePO 4 /C, which was beneficial to intercalation and deintercalation for Li ion. The details of the chemical bonding in the LiFe 1−x V x (PO 4 ) (3−y)/3 F y /C samples were investigated in the FTIR spectra, as shown in Fig.2 (10 C) mAh/g respectively. The capacity of the un-doped sample decreased dramatically with the rate increasing, remained only 40 mAh/g at 10 C, while the co-doped sample showed a capacity of 76.8 mAh/g at 10 C. The superior rate performance of LiFe 0.96 V 0.04 (PO 4 ) 2.98/3 F 0.02 /C should result from the combined effects of V and F doping on the increasing conductivity of LiFePO 4 /C. Figure 5 shows cycle performances and coulombic efficiency of LiFe 1−x V x (PO 4 ) (3−y)/3 F y /C at a current rate of 1 C. It can be observed that LiFe 0.96 V 0.04 (PO 4 ) 2.98/3 F 0.02 /C displayed a higher capacity retention than that of LiFePO 4 /C and LiFe 0.96 V 0.04 PO 4 /C after 50 cycles. This indicated that the structural stability of LiFePO 4 /C was improved by V and F co-doping. The result was consistent with the conclusion about structure investigation. In addition, near 100% coulombic efficiency for LiFe 0.96 V 0.04 (PO 4 ) 2.98/3 F 0.02 /C samples was achieved, which may be attributed to the fact that multicomponent doping leads to faster ion diffusion rate, and then slower capacity decay. sented in Fig.6 . The high-frequency semicircle reacted to the charge transfer resistance (R 1 ), which was caused by charge transfer across the electrode electrolyte interface, whose diameter was approximately equal to the charge transfer resistance (R 1 ). The straight line at lower frequency presented Li + diffusion resistance in electrode bulk, namely, the Warburg impedance (Z w ), which was associated with Li ions diffusion in LiFePO 4 /C particles. As expected, the R 1 of LiFePO 4 /C electrode decreased in the charge/discharge process after V and F co-doping. The results indicate that the impedance of electrochemical reaction is improved by co-doping. Figure 7 shows the CV curves of the second cycle at different scan rates between 0.1 and 0.6 mV/s within the potential window between 2.5−4.2 V. A couple of redox peaks corresponding to the lithium insertion and formation of LiFePO 4 /C phase were observed. Obviously, the peak shape of LiFe 0.96 V 0.04 (PO 4 ) 2.98/3 F 0.02 /C was sharper and the peak separation was narrower than that of LiFePO 4 /C.
At the same time, the diffusion coefficients of lithium ions (D Li + ) in both samples were also calculated by CV, which was widely used to study the oxidation-reduction and phase transformation processes in electrode reactions and to estimate quantitatively D Li + . The corresponding fitting results are shown in Fig.8 , it can be found that the redox peak currents of both LiFePO 4 /C and LiFe 0.96 V 0.04 (PO 4 ) 2.98/3 F 0.02 /C electrodes showed a linear relationship with the square root of scan rate. For semi-infinite and finite diffusion, the peak current (i p ) was proportional to the square root of the scan rate and could be expressed by the classical Randles-Sevcik equation [45] :
where n is the number of electrons involved in the redox process, A is the electrode area, C 0 was the molar concentration of lithium ions, D is the diffusion coefficient of lithium ions, and v is the potential scan rate. Based on the equation and the slope of i p vs. v 1/2 in Fig.8 , we achieved the D Li + of co-doping and initial samples during oxidation process were 1.00×10 −10 and 4.98×10 −11 cm 2 /s. Obviously, V and F co-doping increased Li + diffusion coefficient of LiFePO 4 /C.
IV. CONCLUSION
In this work, vanadium and fluorine co-doped LiFePO 4 /C cathode materials with uniform size and spherical morphology were synthesized via in situ poly-DOI:10.1063/1674-0068/29/cjcp1507163 c ⃝2016 Chinese Physical Society merization method combined with two-step sintering route. The V and F ions were successfully doped into the LiFePO 4 /C phase. The co-doping of V and F ions can enhance the structural stability, decrease charge transfer resistance, increase electronic conductivity, improve Li ion diffusion velocity, and finally result in eminent cycling and high-rate capabilities of LiFePO 4 /C. Therefore, it can be concluded that the vanadium and fluorine co-doping was an effective way to improve the electrochemical performances of LiFePO 4 /C cathode materials for lithium-ion batteries.
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